To determine the prevalence of low cortisol values and to evaluate clinical responses to hydrocortisone in ill term and near-term newborns.
INTRODUCTION
Hypotension resulting in the use of volume expanders and vasopressor therapy is a frequent occurrence in critically ill term and near-term newborns. Many of these infants remain hypotensive and poorly perfused even after institution of these therapies. In other critically ill patient populations, vasopressorresistant hypotension has been linked to a functional or ''relative'' adrenal insufficiency. Although absolute adrenal insufficiency is rare, relative adrenal insufficiency in the face of severe illness may be much more common. Small studies, using various criteria, have estimated the incidence of relative adrenal insufficiency in critically ill adults and children to be between 3 and 56%.
1-8 Cardiovascular instability with vasopressor-resistant hypotension is a primary manifestation of relative adrenal insufficiency, which has been associated with morbidity and mortality. [3] [4] [5] [6] [8] [9] [10] [11] Adult patients with relative adrenal insufficiency and cardiovascular instability respond to glucocorticoid replacement therapy with improvement in blood pressure and decreased vasopressor support. [11] [12] [13] A large randomized trial recently demonstrated that hydrocortisone therapy decreased mortality in adults with septic shock and relative adrenal insufficiency.
14 In preterm infants, several studies have correlated hypotension with low cortisol values and have shown that blood pressure improves in response to glucocorticoid therapy. [15] [16] [17] [18] [19] [20] However, to our knowledge, only one study has measured low cortisol levels and response to glucocorticoid therapy in a small series of hypotensive term infants. 21 The aim of this observational study was to examine a cohort of term and near-term infants with hypotension refractory to fluid and vasopressor therapy and to (1) evaluate clinical responses to hydrocortisone, (2) determine the prevalence of basal cortisol values that meet criteria for relative adrenal insufficiency in children and adults (cortisol <15 mg/dl) 2,11 and (3) determine whether there is a significant difference in response between infants whose cortisol values are <15 mg/dl compared with those Z15 mg/dl.
METHODS

Patient Population
This study was approved by the institutional review board of the University of New Mexico Health Sciences Center. The clinical database of the University of New Mexico (UNM) Children's Hospital was used to identify all infants Z35 weeks gestational age (GA) admitted to the neonatal intensive care unit between November 1, 2000 and August 1, 2002 who received mechanical ventilation and vasopressors. During this time period, intravenous hydrocortisone (1 to 2 mg/kg/day) was given at the discretion of the attending neonatologist to treat infants with hypotension unresponsive to fluid boluses and vasopressor support. The hydrocortisone was discontinued when the attending neonatologist deemed the patient cardiovascularly stable. Prior to the administration of hydrocortisone, cortisol values were routinely obtained.
Study Procedures
Data collected from nursing bedside flowsheets included mean arterial blood pressure, heart rate, vasopressor support (dopamine and dobutamine), fluid boluses for volume expansion, and urine output for the 12 hours prior to and 24 hours after initiation of hydrocortisone therapy. Heart rate and blood pressure were averaged over 4-hour time intervals. Fluid boluses and urine output were averaged over the 12 hours before and 24 hours after hydrocortisone. Mean arterial blood pressures were measured by umbilical or peripheral arterial catheters connected to pressure transducers and/or oscillometry. The maximum dopamine and dobutamine infusion rate during each 4-hour time interval was recorded. Serum cortisol concentrations were measured in the clinical laboratory of the UNM Hospital by competitive binding immunoenzymatic assays.
Statistical Analysis
The clinical responses to hydrocortisone were first evaluated in all study infants. Then, based on the proposed definition of presumptive relative adrenal insufficiency in acutely ill children and adults (random cortisol <15 mg/dl), 2,11 the infants were divided into two groups: infants with cortisol values <15 mg/dl and infants with cortisol values Z15 mg/dl. The clinical responses to hydrocortisone in each group were evaluated and the groups compared by analysis of repeated measures over time using random coefficient regression 22 in PROC MIXED in SAS (SAS/STAT, Version 8, Cary, NC, 1999). This analysis allows each subject to have its own trajectory over time, and flexibly models the covariance structure of random effects and within-subject variability over time. Two-sample t-test was used to compare the duration of hydrocortisone treatment between groups. Paired t-test was used to compare fluid bolus administration and urine output before and after hydrocortisone treatment. Data are presented as mean±standard deviation unless otherwise noted. The level of significance was set at p<0.05.
RESULTS
Between November 2000 and August 2002, 673 infants Z35 weeks GA were admitted to the UNM neonatal intensive care unit. A total of 169 infants were supported with mechanical ventilation, and 73 (43%) of these were treated with vasopressors. Of these 73 infants, 32 (44%) had cortisol values obtained because they were considered to be refractory to vasopressor therapy. Population characteristics and cortisol values for these 32 patients are shown in Table 1 . Nine of the infants subsequently stabilized without hydrocortisone therapy, while 23 were treated with hydrocortisone. Three of the infants not treated with hydrocortisone had cortisol values <15 mg/dl. These infants were not apparently different from the other infants, (one meconium aspiration syndrome, one respiratory distress syndrome, one aortic stenosis). These three infants had cortisol values ranging from 7 to 11.8 mg/dl and all survived to discharge. Of the 23 patients treated with hydrocortisone, 21 charts were available for review of the physiologic responses and relationship to cortisol concentration. The infants were divided into those with cortisol concentrations <15 mg/dl (n ¼ 13) and those Z15 mg/dl (n ¼ 8). Table 2 shows that infants whose cortisol values were <15 mg/dl received hydrocortisone longer than those whose cortisol values were Z15 mg/dl (p<0.05). Figure 1 shows the clinical responses of these two groups of infants to hydrocortisone therapy. For blood pressure (Figure 1a ), a linear trend was fit from baseline (average of 4 hours of data just prior to hydrocortisone administration) through 24 hours with interaction between trend and groups. The analysis of repeated measures over time showed the same overall increasing trend from baseline through 24 hours after hydrocortisone for both groups (slope ¼ 0.20, p ¼ 0.011). The interaction (p ¼ 0.73) and group effect (p ¼ 0.53) was not significant after hydrocortisone.
For heart rate (Figure 1b) , from baseline through 24 hours, there was a significant overall decreasing trend down over time (p ¼ 0.0003) and a significant group effect (p ¼ 0.03) but no significant group Â time interaction. The most notable feature, however, is the apparent between-group visual difference from 0 to 16 hours. Modeling a linear trend over that time period showed a significant group x time interaction such that for those infants with cortisol concentrations <15 mg/dl, heart rate significantly decreased (p ¼ 0.04) while heart rate did not change significantly over that time period for infants with cortisol values Z15 mg/dl.
For dopamine (Figure 1c ), modeling is complicated by a clear jump from baseline for the group with cortisol values Z15 mg/dl. Modeling this properly would require somewhat more data than we have. Therefore, we restricted analysis to 0 to 12 hours. Within that time frame, modeling linear trends for groups showed significant decrease in dopamine both groups (p ¼ 0.0005) and a significant group effect (p ¼ 0.04), with the group with cortisol concentrations <15 mg/dl showing lower dopamine support after hydrocortisone. Only five patients in each group received dobutamine in addition to dopamine. Although the visual trend was downward, the small sample size precluded significant statistical analysis.
Infants with cortisol values <15 mg/dl required significantly fewer fluid boluses in the 24 hours after beginning hydrocortisone compared to the 12 hours before treatment (3.4±3.6 vs 8.8±9.4 cm 3 /kg, p ¼ 0.
02). Infants with cortisol values
Z15 mg/dl showed no change after treatment (15±9.9 vs 10±12.8 cm 3 /kg, p ¼ 0.4). There was no change in urine output after hydrocortisone in either group.
DISCUSSION
In this retrospective review of a cohort of mechanically ventilated term and near-term infants, we found that a high percentage of these critically ill infants F 43% F received vasopressor support for hypotension. Of these, almost half were considered resistant to vasopressor therapy and therefore had cortisol values obtained. More than half of the cortisol concentrations obtained met the criteria for the diagnosis of relative adrenal insufficiency in critically ill children and adults. Applying this definition to our population would suggest a prevalence of relative adrenal insufficiency of at least 25% (13/73) in the infants receiving vasopressors during this time period. This is consistent with the incidence of adrenal insufficiency reported in other critically ill populations. [1] [2] [3] [4] [5] [6] [7] [8] The prevalence of relative adrenal insufficiency in this infant population may have been higher, since some critically ill patients have cortisol values >15 mg/dl but still show inadequate response to ACTH stimulation. 11 We did not observe any adverse events attributable to hydrocortisone in this study, such as hypertension or gastrointestinal bleeding. The dose of hydrocortisone used in our institution is lower than many texts recommend for older patients 23 and is based on an anticipated decreased metabolic clearance in newborns.
While there may not be agreement on the cutoff value to define adrenal insufficiency in the stressed term newborn, we have no a priori reason to accept a lower cutoff value than for children and adults. In this study, infants with cortisol values <15 mg/dl showed significant improvement in blood pressure and heart rate, as well as a decreased need for dopamine and fluid support after hydrocortisone therapy, while infants with cortisol values Z15 mg/dl continued to have higher heart rates, require higher dopamine infusion rates and more fluid boluses to maintain blood pressure. This difference in response certainly supports the hypothesis that a cortisol concentration <15 mg/dl is evidence of relative adrenal insufficiency in this population, as it is in other patient populations.
Normal values for cortisol binding globulin (CBG) are somewhat lower for newborns than for adults (approximately 2 vs 3 mg/dl). 24 However, since CBG in normal adult plasma can bind approximately 25 mg/dl of cortisol before saturation, 25 a total cortisol concentration of 15 mg/dl in an infant should not exceed the usual binding capacity of CBG, and should result in a similar percentage of free cortisol in the term infant. Because of the variability in CBG concentrations, though, particularly in severely ill patients, 26 measurement of free cortisol or CBG in addition to total cortisol concentration would add valuable information to future studies.
Our findings are consistent with one previous report that tested seven critically ill, hypotensive term newborns and found that six had cortisol values of <15 mg/dl and responded to dexamethasone with hemodynamic stabilization. 21 Three additional small studies have described cortisol concentrations that seem inappropriately low in critically ill term newborns. Thomas et al. found that three of 11 ill infants had basal cortisol values <2 mg/dl, while Pittinger et al. reported that 79% of 34 cortisol levels measured in 10 infants with congenital diaphragmatic hernia were <7 mg/dl.
27,28 Soliman et al. 29 recently reported 11 of 30 nonventilated, septic term newborns with basal cortisol values <15 mg/dl, four of whom had low responses to ACTH and a high mortality rate. To our knowledge, our study is the first to describe the prevalence of low cortisol concentrations as well as the response to hydrocortisone therapy in a cohort of term and near-term ventilated infants with vasopressor-resistant hypotension.
Postulated mechanisms underlying relative adrenal insufficiency in ill patients have included cytokine-related suppression of ACTH or cortisol synthesis, inadequate perfusion of the adrenal gland or a limited adrenocortical reserve. 5, 9 Newborn infants may have additional factors predisposing them to relative adrenal insufficiency, unique to the newborn period, such as delayed maturation of the adrenal glands or a slow transition from intrauterine to extrauterine function. 30 Infant adrenal glands are biochemically and morphologically different from adult adrenals; zonation of the adrenal gland is not complete and the pattern of secreted steroids differs. 30 There are likely to be several mechanisms by which hydrocortisone therapy improves hemodynamic stability in critically ill patients. The downregulation of beta-adrenergic receptors found in critical illness can be reversed or prevented by glucocorticoids. 20 In addition, as discussed thoroughly by Seri et al., 20 other mechanisms may include increased intracellular calcium availability, inhibition of catecholamine metabolism, decreased reuptake of catecholamines, inhibition of nitric oxide synthase expression and prostacyclin production, and improved capillary integrity.
In summary, this retrospective review found that a significant proportion of critically ill infants showed evidence of inadequate adrenal function, confirming the importance of evaluation of adrenal function and glucocorticoid therapy in the ill term and near-term newborn with refractory hypotension. Although the study captured a cohort of all infants admitted during a specific time period, interpretation of the results is limited by the heterogenous patient population included, the small numbers, the uncontrolled nature of the intervention and the lack of provocative testing. Prospective studies of the hypothalamic-pituitary axis and randomized trials of hydrocortisone replacement therapy in these infants would provide more information on the benefits and risks of treating relative adrenal insufficiency in this population.
